
ly authority of, 

. L 

’ ALZKMJDE-m--L, INVESTIGATION Ok A 3000-POUND-TERXXT 

AXIlIL-FLOW TURBOJET ENGlN8 

I - ANALYSIS OF TURBINE PERFORMANCE 

By Earl W. Conrad, Robert 0. Die& Jr. 
and Richard L. Golladay 

Flight Propulsion Research Laboratory 

,._....._._,....., . . ..- ,..,.. -.... . . . . . . . . . . . . . . . ..~.t. 

1 
fl-rlr%Kl fifiAr*-, , , 

’ NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS uNCuSSIF,ED 

WASHtNGTON 
August 23, 1948 

D 



NACARMNo. XSA23 

By 23~1 W. -, Robert O.,Metz, Jr. 
andRmmrdL.Goll&day 

An investigation hae been ccnduoted in the EACA Cleveland altf- 
tude windttmnel to determ3ne the performam 8 of a turbfne operating 
as antitemlpart of a turbojet-. Turbine performancedata 
were obta3mdwkLle the en&new&s runoveritsfullop&ablerange 
of speeds at various simulatedalt1tudeeandfligPltMmhnmbere and 
vith four nozzles of different outlet area. 

Ananalymie oftheturbine perfomance data ehowed that the 
turbine was effect1veJ.y utfllzed in the etandard Inatallaticm. A 
mm&gum turbine efficiency Cxp 0.875 was obtained with the etandard 
s&au& nozzle at 8 simulated altitude of 15,000 feet, a flight 
Mmhnmberof 0.53,anda correctedturbine wed09 59OOrpm. 

The perf- of aturbins operating aa anintegralpart of 
a turbojet engine is of interest became it ie desirable to how 
the capabilitiels of the trrrbine and how effectively the turbine 18 
utilized in the en&m. A oamplete turbojet engfne was investigated 
fathe~AC~ellLnilaltituaewindtuanelsndan.analyele of the 
turbine pemformtnc e data obtained is preeented. Turbine datawere 
obtainedoveramkhwiderrange aP operst3ng conditiomthanin 
previous’ tllrbine i.nveatAgations in the altitude wid tunnel, 

The investigstion was conducted at various simulated altitude6 
andflightb%achnuntbers. At ea& &aulated.fUght co&Ution, the 
enginewasrunover its fulloperablemngeof speeds. The use of 
four angine e&au& nozzlee of different outlet area e&ended the 
sangeturbti operectlonoverwhichperf orraancedata couldbe 
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Turbine perfom8nc e data obtaimed for various altitudes, flight 
Mach numbers, and with different erhauet-nozzle-outlet are88 are 
reduced to sea-level conditions and presented in a sin@e plot. 
t'%rves of constant corrected turbine speed, const8ntturbine pree- 
sure ratio, and constantefficiencyare showntherein. 

The engine was Installed in a w sectfonth8t extended across 
the 20-foot-diameter test sectiaol of the altitude wind tunnel 
(fig. 1). The modified 24C turbojet engine used in this iavestiga- 
tion has BP ll-stage &al-flow canpressor, a double-annulue cuz- 
bustion ohamber, a two-sfsge reerctlan turbine, a tail pipe, asd an 
exh8ust nbzzle. The st8nd8rd er;hauet nozzle has an cutlet area af 
171.~iquare inohes. BatedthrustaE'the engineis 3OOOpounds at 
sea-level static conditiolla 8nd an en&m speed of 12,300 rgpn. The 
correspondi& air flow is about 58b5 pounds per eeoond. Compressor- 
inletpjcessures correspo&ingtofligbtathigh 8peedswereobtSinsd 
by introducing dry refklgeratedairfrcm the tunnelmake-u9M.r 
system. The air was throttled From approximately sea-level pressure 
to the desiredpressure at the engine inILet8ndwas conduotedto 
the engine through a me&e-up air duot. A frictionless slip joint 
in the make-up air duct permItted the measurement of thrust with 
therina-tuunelbalanoe-soale systm. 

The two-stagereaotion turbine deliversapproximately 
5OOOhors~when the engine is opting at sea-levelrated'con- 
ditions. The blade-tip diameter of both turbins rotors is 
20.833 inches. Adetail drawing of the turbine installationpre- 
sentlng other pqrtlnent dimensions Is preeented in figure 2. Both 
the flrst-stage st8tor (fig. 3(a)) 8nd the first-Stage rotor (fig. 4) 
09 the turbine hsve 55 blades; the second-stage stator (fig. 3(b)) 
has 54 blades, and the second-st8ge rotor (fig. 4) has 34 blades. 

Four exhaust-nozzle co&igurations were used duriag the inves- 
t*tion. With one configuration, e&mast gases were dIsohar& 
from the stralghtt8ilpipe,uhichh8dan8xea 09 330 squ8re Inches. 
With the other three configurertlms, nozzles 20 inches in length 
were used. These nozzles tapered unifomly frcan an area 09 330 square 
inohes to outlet areas of 232, 189, 8nd 171 squarer inohes. Eat&l . 
conditions were obtained with the 171-square-inch nozzle. 

kstmmentationforthemeas ureaent of preseures and tempera- 
tures uas installed at several st8ticms through the engine (fig. 5). 

. Them&h&s of calcu&tionusedto determine turbine performanoe~ 
From these pressures and temperatures are given in the appendix. 
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Engine performance data were obtained at simulated altitudes 
of 15,000, 25,000, 35,ooO, and 45,OOC feet and a flight I&ch number 
cle 0.53. At a simulated altitude of 25,000 feet, the engine was 
opemted at fli&t Mach numbers of 0.26, 0.53, 0.72,and 0.86. At 
each simulated flight ccndition, the engine was run over the full 
operable range & speeds. Data were obtained over this range of 
conditions with each Orp the four exhaust-nozzle configurations. 

Data obtainedwiththeturblae operating as anintegmlpart 
of the turbojet engine over a wide range of simulated flight co&i- 
tions and tith four e~ust-nozzle configuraticms were plotted to 
determine the variation in the basic turbine-pelf ormance parameters 
with corrected turbine speed. These curves cmtaa the data for 
all operating conditions were used to make a cmpcaite plot showWg 
efficiency contouTs andlirses of constant correctedturbti speed 
and constant turbine pMssure ratio on coordinates of corrected 
enthalpy drop per pound and gas-flow factor (fig. 6). Turbine per- 
formance is completely defined at any point on this compcsite plot. 

The curves cm the turbine-characteristic plot (fig. 6) were 
drawnthrcughthe average of the generallzeddata points. Certain 
efficiency contours were discontinued In the region of a corrected 
turbine speed of 6500 m because the data in this re&on were 
instificient to define clearly the pcsition of the contours, A 
separate regionof high efficiency located tithe vlcinityof a 
correctedturbine speedof 7OO0r~gawaspartlydefinedbythe 
available data. The presence of this high-efficiency region is 
indicated by the data shown in figure 7. 

Choking in the e&au& nozzle resulted in 8 rapid rise in tur- 
binetemperatures andpressures 88 the engine speedincreased. 
Consequently, over the normal opernting engine-speed range (&So0 
to 12,500 rpm) the increase in ccmcted turbine speed was very 
small, but there was an appreciable increaee in turbine efficiency 
(fig. 7(a)). The higher turbine efficiencies are attributed to a 
higher ratio of useful wcrk to the relativelyfjxed turbine losses 
and changes in the state of the working fluid as evidenced by the 
change in the ratio of specific heats (figs. 7(b), 7(c), and 7(d)). 
This increase in efficiency has been corroborated by other data 
taken at various altitudes, flight Mach numbers, and with different 
exhaust-nozzle areaa. 
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Forafixedturbine speed, theworkrequiredbythe ocmpresscr 
per pound of air incresCsed with altitude, thereby causing the shift 
in turbine operatlng lines shown in figure 8(a) (flight Mach number 
of 0.53 and SW exhaust-nozzle-outlet area). The shift in the 
turbiPeoperatla@;llnescsueedbychabgesinflight~ohntmiber 
(fig. S(b)) and exhaust-nozzle-outlet area (fig. 8(c)) also resulted 
from changes in the power requirements of the compressor. Dmmuch 
as the highest over-all turbine presstie ratio obtained was about 
2.6 and8 two-stage reactionturb+ewas used, no choldng occumed 
intheturblne. 

The effects of altitude on turbine efficiency are shown in 
figure S(a), in which the turbine operating lines for simulated 
altitudea of 15,000 and 25,000 feet are near the region of maximum 
efficiency, whereas the operating Lines for higher altitudes are in 
regicns uf successively lower efficiency. The turbine operating 
line for a flight Mach nmber of 0.53 is in the region of high effi- 
ciency m the normal range of engine operating speeds (corrected 
turbine speedsabove SOOOrpm). (See fig. S(b).) The position of 
the operating lines for various flight Mach numbers is such that 
turbins effioiency increased as flight Mach number was raised frctn 
0.26 to 0.53 and then decreased as the flight Mach number was 
raised frcm 0.53 to 0.86. Overthenmmalrange of engine operation, 
the operatlzlg lines for the standard 171-squsre-Inch exhaust-nozzle 
configuration and the 1890square-inch exhaust-nozzle configuration 
are in the region of highest efficiency (fig. 8(c)). Operating 
lines for the 231- and 330-equare-inch e&au&-nozzle configurations 
are in regions of lower turbine efficiency. 

The peak &'fiuieIIUy was obtained 8t an altitude of 15,000 feet, 
a flight Maoh number of 0.53, and with the standaH 171-square-inch 
exhaust nozzle. This efYioiency of 0.875 occurred at a corrected 
turbine speedof 59OOr1pp. 

Anexaminationofthe positions of thevariousturbfne operating 
1inesrelativetotheregionofmmAmum efficiency (fig. 8) shows 
that the ca~bilities of the turbine are effectively utilized in the 
standard installation used in this investigation. 

From an investigation aP a oomplete turbojet engine in the 
Cleveland altitude wind tunnel under simulated conditions of altitude 
andflight Mxhnmber, the turbine perfomanc e is smmarized as 
follows: 
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1. The capabilities of the turbine are effectively utilized in 
the s- installation used 3.n this investl&ation. 

2. A nadmm turbine efficiency of 0.875 was obtained with the 
standard 1710square-Inch exhaust-nozzle-outlet area at a simulated 
altitude aP 15,000 feet, a flight Mmh nmnber of 0.53, and a cor- 
rected turbine speed of 5900 rp. 

3. Over the normaloperatingrangeofspeeds,theturbine 
efficiency (a) decreased as the altitude was raised from 25,000 to 
45,000 feet, (b) increased as the flight B&h number was mised 
froan 0.26 to 0.53 and then decreased as the flight Mach number was 
raised from 0.53 to 0.86, and (0) decreased as the erhaust-nozzle- 
outlet area uas increased frcm I.89 to 330 &pme inches. 

Blight PropulsionResearch Laboratory, 
Rational Aavisory Canmittee for Aeronautics, 

Cleveland, Ohio. 
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. Symbols 

The folw symbols are used in the oalaulations: 

umee-eeutional area, sq ft 

apeoifio heat at constant mssure, Btu/(lb)(OR) 

aooelerettion due to gratity, 32.17 ft/sec2 

e&&d=, Rtu/lb 

meohanica$ equivalent of heat, 778 ft-lb/&u 

elmulatedfUgfit Mmhnumber 

m-spee%rEm 

total pcpessure, lb/sq ft absolute 

statio pressure, lb/sq ft abeolute 

gas constant, 53.3 Rtu/(lb)(%) 

total temperature, OB 

indi.catedtemperatXre, OR 

etatio teQlperature, OR 

velooity, f-t/se0 

air flow, lb/sea 

fuel flow, lb/aec 

g;as flow, lb/mm 

thermocouple lmpaut-recovery faotor, 0.85 

ratio of specific heats 

pressure correotion factor, P5/2ll6 (turbine-inlet totd 
pressure divided by NACA standard sea-level pressure) 



NACAFMNo. E8A23 

It turbtie efficiency 

% temperature mrrection factor, y5T5/(1.40 x 519)(pro&uct of y 
8Dd tot81 teI?r$er8tuI% 8t turbine inlet divided by produd 
of y andtotal~ratureforairat~Aet~~ee8- 
level canditione) 

% tem~8333ttXt-8 COrr8CtiOR factor, (tot81 teIqW8tUre 8t turbine 
inlet divide&by tot81 tmper8twe for 8ir 8t NACA Sk%ndmd 
sea-level conaition6) 

P aenaity, eluge/cu ft 

Subscrf;ts: 

c 

t 

1 

2 

5 

7 
. 

compressor 

turb5ne 

cowl inLet 

compr8sBor inlet 

turbim Met 

turbine outlet 

M&h& of Calculatfon 

Gas flow. - The gas flow is @m.n bg the follodng equation 

wi3 = wf + w, (1) 

where the 8ir flow W, was deteminedfrczu~eaeure 8ndtem~erature 
measurements at the cowl inlet (station 1) by use of the epuition 

Wa = gplAIVl = q/w] (2) 

and the fuel flow Wf wasmeasuredbythe 1.188 of 8 calibrated 
rot8mter. 
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Temp8ratur8e. - st8tiG t~8I%btUZ'eW88 ~kUktedfI'C?nth8 
iIldiO8tedttUtQersfUl%by~8 of th88qUBtian 

t = Ti r-1 l+a g y -1 1 1 0 
The themooouple impaot-recovery factor u was found to be 

0.85 from calibration t88t8. 

Total t~~ttIrt3 WBB det8X'mined by the adiabatic re&&tion 

r-1 
T -P 

( > 
z y 

t P (4) 

Direct I?M8Ur8ment of th8 turbfne-Inlet teXIQe3%tU3% iS diffioUlt 
beGem of radiation 8ffeot6, but it may be evaluated with fair 
8CClXLBCly by the following indlreot method: 

wh811 aocessory power aad bearing friCtiOII are negleCt8d, the 
turbFne power equala the power requiremnt of the mmpreaaor, which 
iB &V-by W80pATc or W,bB,. The power extracted by the turbine 
is wgAR&. 

(5) 

The ccmIpr86eor work AH, is obtainedfrcautanpercturemeasurements 
8t th8 inlet and OUtlet of the CcpnPreSSOr. with the Va1U8 of 4 
fZ'0I.n 8qUatiOn (5) and the m&Sure8 V8lu8 of turbine-outlet tempera- 
ture, the 8nth8lpy Emd therefore the turbine-inlet teiUp8lZbtUr8 T5 
may b8 obtaimd frcm entihalpy oharte. Values for T5 Obtained by 
thlsmethodare sl.Qhtlylowbecause sane turbine power ie used to 
drive the engine 8UC8880ri88. 

Effioiency. - Adiabatic turbine efficiency wae cakxikted us- 
the 8qUELtioP 
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'It = 
T5 

Yt-1 

[ 03 
l- *7 yt 

5 

(6) 

V81U88 Of 7, WerebasedOnthe 8Ve~8t~Z=tWS of th8@3SSS 
fl& t&OUgh the turbine snd the fU814ir ZBtiO. Th8 fU81-air 
r&i0 ~38 detemined Fran th8 8ir flOW (SqUatiOn (2)) and the 
messur&l.fuel flaa.. 
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FQure~ 2. - Secticnal viev of turbim &owing pertinent dimensiona. 
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(a) Fir&stage. 

FQureJ 3. -Inlet&de afetatcrcblade~ &turbine. 
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(b) Secondetags. - 

F&ure 3. - Conolnded. InLeteide of Btatorbladee &turbine. 
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FQure 4. - Turbine-Totar aeaembly. 
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statial !J!otd- static- wall atatio- 
pam psrnrre paJ3rrrs 
tubBe tubs mlflces 

1 16 s 4 
2 I,6 8 4 
4 15 6 6 
6 4 
7 I.0 1 

alelsl 4 I 

6 
6 
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B&lae 5. -0row aeotlmoftm+ojetemglm sharl;lgahtio~atM1iohint3tmmntatlonmn ln6taUd. 
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(a) Relation between turbine efficiency and 
oorrected turbine speed. 

k I I I 
3000 moo 5000 6000 70-00 

Corrected turbine speed, IT/&, rpm 

(b) Relation between temperature-ratto f&otor 
and oorrected turbine speed. 

FiguFe 7. - Pactora involved In sharp changes in turbine effi- 
ciency at high oorrected turbine speeds. Simulated altitude, 25,000 feet; flight Mach number, 0.53; exhaust-nozzle-outlet 
area, I.71 square imhee. 
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(c) Relation between pressure-ratio factor and 
aorrected turbine speed. 

I I I I I I I I I 

3000 4000 5000 6000 7000 

Corrected turbine rpeed, m r/&, I-P 
(d) Relation between turbine temparaturer ami 

oorreoted turbine apeed. 
Figure 7. - Coaczludsd. Faotors involved in aharp ohangm in 

turbine efficiency at high corrected turbine apeeda. M m - 
ulated altitude, 25,000 feet; flight Mach iurmber, 0.53; 
exhaust-nozzle-outlet area, 171 square inches. 
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(a) Wrbine operating linaa ror nriouo altitudes. KU&t meh mabar, 0.68~ r&mateaxsla-outlrt -a, 
in mqure lnchca~ 

WY=- 8. - Ttu'bln~ operating lines aupsrlmpoard on tmbine-ohrrrotaarlstla txn'v~, 



.84 .26 30 ,se .sa .se .38 .40 

(b) Turbine operatlnng llms for varioun fli&ht Bob nmnbera. Iltituds, 26,COC fsetj axhauat-norxls-mtlat 
ama, 1n awars bobs. 

Figure 8. - Contlnusd. Turbti operating lhaa svparimposed om twbins-&mraoteristlo ourw. 

I . . 

LO6 



. L l . 

\\M-i I I\ I I I 
I I I I 
I I I I 

I I 
.? \ /I \ , %I ,” I I ;I I I I I I I I I I 

\\I u / w / 
i-t 

lb/rev 

(a) Prrrblm opmtlng lima ior Varloua ;~hu~~h%O;"l;"let IITB~I. Altitude, 96,000 iaatj fllSht 
. . 

Fl@m 8. - Oonoluded. W'bins opsmtin& lines a:parhpomad on turbina-ohslPotarlatla oUFW. 


